Background: this study aims to develop and evaluate a simple fracture risk index for use in frail older people. Methods: clinical risk factors were assessed at baseline for 2,005 older people (473 males, 1,532 females; mean age 85.7 years, SD 7.1 years) living in aged-care facilities. Fractures were ascertained for 2 years from baseline. Cox regression model was used to identify significant risk factors for fracture. Hazard ratios (HRs) from the model were assigned as weights. The risk index was calculated by multiplying the weights of all risk factors. Results: during a mean follow-up of 1.64 years, 401 fractures occurred in 338 participants. Significant independent clinical risk factors for fracture were institution type, balance, history of previous fracture, cognitive function, number of medications, weight and lower leg length (n = 1,813). The index was capable of identifying higher-risk individuals, with almost an 8-fold increase in the risk of fracture for residents from the lowest 15% to the highest 18% of the score. Among 1-year survivors, a high score (≥15) indicated approximately a one-in-six chance of fracture, while a low score (<8) indicated only a one-in-forty chance of fracture within a year. The area under the receiver operating characteristic (ROC) curve was 0.69 (95% CI: 0.65-0.72) and 0.68 (95% CI: 0.65-0.71) for identifying someone who would have a fracture in 1 and 2 years respectively. Conclusions: this risk index could identify individuals at higher fracture risk among institutionalised older people, and thus, could help to rationalise the provision of fracture prevention programs in this population.
Introduction
Osteoporotic fractures occur in about 0.5% of the population per annum in countries such as the United States, European countries and Australia [1] . Most of the fractures occur in older age and result in a significant increase in morbidity and impairment of quality of life in this elderly population. Residents of aged-care facilities contribute to a significant proportion of the problem. In the Auckland Hip Fracture Study, 42% of hip fracture patients aged 60 years or older are residents in these facilities [2] .
Most fracture risk assessments are focussed on older people living in the community [3] [4] [5] [6] [7] [8] [9] . Bone fragility, as measured by bone mineral density (BMD) or quantitative ultrasound (QUS), has been shown to predict fractures among the community dwelling elderly [4, 10, 11] . Factors such as older age, female gender, fracture after 50 years of age, maternal hip fracture, neuromuscular, cognitive and visual impairments, low weight and current smoking also contribute to the risk of fracture, independent of BMD or broadband ultrasound attenuation (BUA) [6, 12] . Combining measures of bone fragility with clinical risk factors has been shown to give better prediction of future fracture risk [8, 13] . However, a fracture risk index developed for community dwelling subjects may not be useful for the frail elderly living in residential care facilities, for whom risk factors may differ.
Institutionalised older people have a higher fracture incidence than community dwellers [14, 15] , but risk factors for this population have been less well studied. Older people living in residential care have increased levels of chronic illness, medication use, and cognitive, vision, strength and balance impairments. The importance of bone fragility as Fracture risk assessment in older people a fracture risk factor is likely to be reduced, while risk of falling and the impact of a fall become relatively more important in this population [8, 16, 17] . In frail older people, measuring BMD is impractical, and it has been suggested that using BUA measurements in assessing risk of fracture is also unlikely to have a large benefit [3] . Markers of bone turnover also do not seem to predict risk of fracture among the frail elderly who are at high risk of falls [18] . Few fracture risk assessments have been developed for these older people based on clinical risk factors [15] . Moreover, in frail older people, multiple risk factors are likely to be present and inter-related. A risk assessment without weighting for the relative importance of each risk factor will not reflect the true likelihood of a fracture and may not fully differentiate those high-risk individuals.
The aim of this study was to develop and evaluate a simple fracture risk index based only on clinical risk factors, which takes into account the relative importance of each risk factor. This was undertaken in a prospective cohort study of older people living in nursing homes and intermediate care facilities in Australia.
Methods

Subjects
This analysis was conducted using all 2,005 participants in the Fracture Risk Epidemiology in the Frail Elderly (FREE) Study [19] [20] [21] .
Baseline and outcomes assessments
The following clinical risk factors were assessed: demographics (age, sex, ethnicity), type of residence (nursing home and intermediate care facilities), use of walking aids, history of smoking, cognitive function [the Standardised Mini-Mental State Examination (SMMSE)], co-morbidities (a modification of the Implicit Illness Severity Scale), use of medications, osteoarthritis of the knee, Parkinson's disease, stroke, total hip replacement, total knee replacement, incontinence, history of previous fracture (since age 50 years), falls in previous year, postural stability, reaction time, visual contrast sensitivity, sit-to-stand ability, weight and lower leg length (an index of mature skeletal stature). Details of these measurements are given in previous publications [19] [20] [21] .
Fracture data were collected for 2 years from baseline and validated by x-ray reports as previously reported [20] . The diagnosis of clinical vertebral fractures required subjects to have radiological evidence in association with acute back pain at a corresponding level (but a previous normal X-ray at that vertebral level was not required).
Statistical analysis
A Cox regression model was developed to identify risk factors for first fracture. Participants who died (n = 354 by 1 year, 689 by 2 years) or were lost to follow-up (n = 17) were treated as censored. Risk factors in the final model were selected based on their significance level (P<0.05) and ease of assessment in a primary-care setting. If there was a significant interaction between two variables, a single new variable was created to reflect the fact that the effect of one variable was modified by the other variable. In order to develop a simpler model, categories with similar risk effects in a particular variable were combined.
The exponential of the coefficient of each risk factor from the selected model, i.e. the hazard ratio (HR), was assigned as a weight if a resident had that factor. A weight of 1 was given if a resident did not have that risk factor. The fracture risk index was calculated by multiplying the weights of all risk factors (as shown in Results). Therefore, the fracture risk index is a relative risk to those without the risk factors. This methodology is based on the Cox proportional hazards regression equation:
is a hazard rate and h(0) is a baseline hazard function for an individual with
The index was tested by comparing ratios of the scores with incidence-rate ratios (IRR) of the observed fracture rates to see how well the index predicted risk of fractures. Probabilities of fractures in the first year for different scores were calculated, as well as sensitivities, specificities and likelihood ratios of detecting a fracture in a year. Finally, areas under the receiver operating characteristic (ROC) curves were calculated using logistic regression models.
Results
The study cohort comprised 1,107 intermediate care facility residents and 898 nursing home residents. Most participants were very old and frail with a mean age of 85.7 years (SD 7.07 years), with 70% using walking aids. Only 15% of residents were taking vitamin D and/or calcium supplements. Baseline characteristics of study subjects are presented in Table 1 .
During a mean follow-up of 1.64 years, 401 low trauma fracture events were documented in 338 participants, giving an overall fracture rate of 12.2 per 100 person-years (9.4 and 14.1 per 100 person-years for residents of nursing homes and intermediate care facilities, respectively). Of these 338 subjects, 84.9% had one fracture event, 12.5% had two and 3.6% had three. The fracture sites were: 132 hip, 82 vertebral, 49 pelvic, 35 wrist, 32 humeral, 27 rib, 17 femoral shaft and 60 miscellaneous fractures.
Only 1,813 of the 2,005 participants (1,064 in intermediate care facilities and 749 in nursing homes) had data recorded for all risk factors identified in the final multivariate regression model. Table 2 shows these significant independent predictors and their assigned weights (i.e. HR). The fracture risk index for an individual was calculated by multiplying the weights for each risk factor. For example, the index would be 12.28 (4.52 × 1 × 1 × 2.14 × 1.27) for an intermediate care resident with good balance, SMMSE >23, number of medications ≤6, weight <53 kg and lower leg length ≥50.5 cm. The fracture risk index was therefore an incidencerisk ratio compared to a resident without the risk factors. The 1,813 participants were divided into six roughly equal-sized groups according to their scores (rounding the cut-off points to the nearest integer). Table 3 presents ratios of the scores and IRRs of the observed fracture rates for the different index groups. Values of all IRRs were similar to the corresponding score ratios, indicating that the risk index corresponded well to the observed fracture rate. For example, the fracture rate was 2.9 per 100 person-years for participants with a mean score of 3.06, compared to a rate of 23.1 per 100 person-years for those with a mean score of 26.40, a multiplicative increase of 7.9. The 29% of participants who had a score <8 accounted for only 13% of all fractures, while 57% of fractures occurred in the 35% of participants with a score ≥15 (calculated from Table 3 ). These results show that the selected model works well for this particular dataset. Figure 1 (see Appendix 1 in the supplementary data on the Journal's website http://www.ageing.oxfordjournals.org) presents fracture rates by the index groups for all participants, and those who survived >1 year or >2 years. Fracture rates for residents of nursing homes and intermediate care facilities are presented in Figure 2 by quintile of risk score (Appendix 1 in the supplementary data on the Journal's website http://www.ageing.oxfordjournals.org). These figures show that the index clearly differentiates fracture risk among the residents, regardless of how long they survive or where they live. Table 4 (see Appendix 1 in the supplementary data on the Journal's website http://www.ageing.oxfordjournals.org) shows the number of participants who did and did not suffer a fracture in the first year among the 1,493 who survived at least 1 year, as well as probability of a fracture, and gives sensitivities, specificities and positive likelihood ratios according to the five cut-off points. Among 1-year survivors the 1-year fracture risk was only 2.5% for a resident with a score <8, but was 15.9% for those with a score ≥15.
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The area under the ROC curve of the risk assessment was 0.69 (95% CI: 0.65-0.72) and 0.68 (95% CI: 0.64-0.72) for identifying someone-among all participants and among those who survived for more than a year, respectively-who would have a fracture in 1 year. For identifying someone who would have a fracture in 2 years, the area under the ROC curve was 0.68 (95% CI: 0.65-0.71) among all participants and 0.67 (95% CI: 0.63-0.71) among those who survived for more than 2 years.
Due to concern about possible bias from including only those vertebral fractures that came to clinical attention, we repeated the multivariate analysis in Table 2 using only the first non-vertebral fracture (n = 286) and the same risk factors. The results were very similar for most risk factors, while HRs for weight, balance and institution type were somewhat larger; the discrimination capability was also very similar.
Fracture risk assessment in older people
Discussion
We have developed a fracture risk index based on a large prospective cohort of residents from randomly selected aged care facilities in a defined geographical area. The index is derived from seven easily assessed risk factors and weighted according to the relative importance of each risk factor. The index was capable of identifying higher-risk individuals from this high-risk group over a 2-year period, with almost an 8-fold increase in the risk of fracture for residents from the lowest 15% to the highest 18% of the score. Age was one of the most important components of a fracture risk index in other studies [7, 8, 13, 15, 22] , but was not an independent risk factor for the FREE participants. The effect of age on risk of fracture is likely to be through its correlation with other risk factors. Alternatively, the lack of effect of age may be because admission to aged care facilities is determined by the level of disability, not age, so that only very disabled 70-year-olds, for example, are admitted. QUS measure was not included as part of the fracture risk index as we wanted it to be derived only from simple
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clinical assessments. Similarly, visual contrast sensitivity was not included because it is not easily assessed, particularly in residents with cognitive impairment. We found that the effect of postural stability (i.e. balance) on risk of fracture was modified by type of residence, which was factored into our risk index. The different effects of postural stability on risk of fracture may be partly explained by the different levels of supervision provided in the two types of facility. Residents who were extremely frail (i.e. nursing home residents with a 'not capable' balance grade) were at low risk of fracture. This might be because these residents ambulated only with assistance, were under heavy supervision and may have sustained falls with lesser impact (e.g. fall from a chair) because they were incapable of standing unaided.
It is not possible to compare our index directly with the scoring algorithm developed by Girman et al. [15] since neither of the studies measured the same risk factors. In that study of 1,427 white female nursing home residents, the scoring algorithm developed by classification and regressiontree methodology contained age, weight, height, mobility, dementia, falls in the last 6 months, urinary incontinence and activities of daily living score. Our fracture risk index had a slightly better fracture discriminating ability than the algorithm used by Girman et al. (i.e. the area under ROC curve = 0.69 ± 0.018 and 0.68 ± 0.015 for identifying someone who would have a fracture in 1 and 2 years respectively in the FREE study versus 0.63 ± 0.043 for identifying someone who would have a fracture in 1.5 years in the Girman study). A strength of our index is its potential for greater generalisability, given that it was derived from a sample that includes both males and females, and residents of both intermediate care facilities and nursing homes, and that it has a similar discriminating ability at 1 and 2 years. It is the only published fracture risk index whose score for residents with all seven risk factors is a relative risk for fracture compared to residents with none of those risk factors. It can therefore be used to compare the fracture risk for residents with different risk factors.
We expect that this index will be applicable to other institutionalised elderly populations. However, further evaluation is needed as the performance of the index has not yet been tested. This may be of particular interest in other populations outside Australia, and where calcium and vitamin D supplementation is more commonly given [23] . The index should not be used to exclude residents who may be at low risk of fracture from an effective universal intervention program such as calcium and vitamin D supplements [23] . To maintain the utility of the index, this study has selected only those risk factors that can be accurately measured in other settings. The reliability of these tests, which could increase transportability of the index, has been established in previous studies [24] [25] [26] . In this study, misclassification bias is possible since many vertebral fractures do not come to clinical attention. However, secondary analysis excluding vertebral fractures showed that any bias in HRs for risk factors was towards the null value of 1. Moreover, caution should be applied for an individual risk assessment since the index is derived from aggregated estimates.
In conclusion, the fracture risk index proposed here could identify individuals at higher risk of fracture among institutionalised older people, and thus, could help to rationalise the provision of fracture prevention programs in this population.
Key points
• Clinical risk factors for fracture included institution type, balance, history of fracture, cognitive function, number of medications, weight and lower leg length.
• Fracture risk index derived from these risk factors was capable of identifying higher-risk individuals for fracture among older people living in both intermediate care facilities and nursing homes.
• The index score provides a relative risk for fracture.
